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SUMMARY 

A f t e r  a b r i e f  h i s t o r i c a l  review, t h e  pre-  
sent s t a t e  o f  t h e  a r t  i n  frequency and t ime  
standards o f  h i g h  performance w i l l  be reviewed. 

t ime  and t i m e  i n t e r v a l  a p p l i c a t i o n s  i n c l u d e  
quar tz  c r y s t a l ,  rub id ium gas c e l l ,  cesium beam, 
and hydrogen maser o s c i l l a t o r s .  
c h a r a c t e r i z a t i o n  and comparisons o f  these devices 
is given, i n c l u d i n g  accuracy, s t a b i l i t y ,  
environmental s e n s i t i v i t y ,  e t c .  
Areas o f  spec ia l  concern i n  p r a c t i c a l  app l i ca -  
t i o n s  a r e  i d e n t i f i e d ,  and a p r o j e c t i o n  o f  f u t u r e  
performance i s  given. 
p r e d i c t  phys i ca l  and performance c h a r a c t e r i s t i c s  
o f  new designs p o t e n t i a l l y  a v a i l a b l e  i n  t h e  near 
fu tu re ,  such as novel  c r y s t a l  standards, super- 
conduct ing c a v i t y  devices, e t c .  

a re  discussed. The terms which a r e  u s e f u l  t o  
cha rac te r i ze  frequency s t a b i l  i ty a r e  recommended 
by t h e  I E E E  subcommit tee on Frequency S t a b i l i t y  
o f  t h e  Technical  Committee on Frequency and Time 
o f  t h e  I E E E  Group on Inst rumentat ion.  
employed f o r  measuring frequency a re  designed t o  
i n c l u d e  s t a t e - o f - t h e - a r t  o s c i l l a t o r s ;  they a re  
f a i r l y  s imple,  and commonly a v a i l a b l e  components 
can be used i n  t h e  measurement system. 

Phys ica l  i n t e r p r e t a t i o n s  o f  common no ise  

P r e c i s i o n  o s c i l l a t o r s  used i n  p r e c i s i o n  

A general  

An at tempt  i s  made t o  

Methods f o r  measuring frequency s t a b i l i t y  

The methods 

processes a re  discussed, and i t  i s  shown how 
frequency domain s t a b i l i t y  c h a r a c t e r i s t i c s  may 
be t r a n s l a t e d  t o  t ime  domain s t a b i l i t y  charac- 
t e r i s t i c s .  

A b r i e f  survey o f  t h e  c a p a b i l i t i e s  o f  a v a i l -  
ab le and p o t e n t i a l l y  a v a i l a b l e  t ime  and frequency 
t r a n s f e r  techniques i s  given, i n c l u d i n g  p o r t a b l e  
c locks,  s a t e l l i t e  methods, and r a d i o  broadcasts. 

P R E  FACE 

This  paper i s  intended as a rev iew o f  t h e  
f i e l d  o f  t ime  and frequency. Most o f  i t s  t e x t  
i s  n o t  o r i g i n a l  b u t  taken, w i th  on ly  minor 
changes, d i r e c t l y  f rom several  pub1 i c a t i o n s  by 
researchers o f  t h e  Nat ional  Bureau o f  Standards 
The reader  i s  encouraged t o  go back t o  these 
referenced o r i g i n a l s  f o r  more d e t a i l  and addi-  
t i o n a l  1 i t e r a t u r e  references. 

- 
* I n v i t e d  f o r  p resen ta t i on  a t  IEEE, Wescon 1976. 

1 . H TSTORI CAL REV1 EW 

Today's p r e c i s i o n  c locks  and frequency 
standards a re  e x c l u s i v e l y  based on quar t z  crys-  
t a l  and atomic resonators.  Quar t z  c r y s t a l  
o s c i l l a t o r s  became a v a i l a b l e  i n  t h e  1920's and 
were soon developed i n t o  p r e c i s i o n  devices, and 
p u t  i n  s e r v i c e  as workhorses i n  numerous a p p l i -  
ca t i ons  i n v o l v i n g  t ime  and frequency. Because . 
o f  systemat ic  frequency changes w i t h  t ime, d i s -  
played by a l l  c r y s t a l  resonators,  c r y s t a l  c locks 
never became t r u e  t imekeeping c locks b u t  remained 
i n t e r p o l a t i n g  devices f o r  l i m i t e d  t ime  per iods 
i n  need o f  r e c a l i b r a t i o n  and r e s e t t i n g .  
c a l  i b r a t i  on reference, i .e. , t h e  pr imary f r e -  
quency and t ime  standard, remained t h e  r o t a t i n g  
e a r t h  v i a  astronomical  observat ions.  

The 

The idea  o f  atomic c locks,  i .e. ,  c locks 
based on n a t u r a l  resonance phenomena i n .  atoms 
o r  molecules, was a c t i v e l y  s tud ied  a f t e r  t h e  
second wor ld  war, when t h e  needed microwave 
technology became w ide ly  av i l a b l e .  A t  t h i s  
t ime, accuracies i n  t h e  t o  reg ion  
were p red ic ted  w i t h  g r e a t  exc i tement- - for  t h e  
f i r s t  t ime  i t  appeared poss ib le  t o  b u i l d  a 
c lock  b e t t e r  than the  r o t a t i n g  ear th .  \.lorking 
exper imental  devices based on t h e  a m o n i a  mole- 
c u l e  and t h e  cesium atom were b u i l t  and t r i e d .  
In t h e  mid-1950's i t  was exper imenta l ly  shown 
t h a t  cesium devices indeed were usable as c locks  
surpassing t h e  performance o f  astronomical  
"c locks."  As a consequence, new t ime  scales 
c a l l e d  Atomic Time (AT) were establ ished,  
t o  be mainta ined i n  p a r a l l e l  w i t h  t h e  o f f i c i a l  
"astronomical"  t ime ( o r  Universa l  Time, UT).  

The inc reas ing  a v a i l a b i l i t y  o f  commercial ly 

The demonstrated u n i f o r m i t y  

produced c locks s ince  t h e  l a t e  1950's caused an 
i nc reas ing  number of l a b o r a t o r i e s  t o  generate 
atomic t ime  scales.  
o f  t h e  atomic cesium c locks  exceeded t h e  U n l f O ~ i t Y  
o f  "astronomical"  ones by orders o f  magnitude. 
This  u l t i m a t e l y  l e d  t o  an i n t e r n a t i o n a l  agree- 
ment t o  r e d e f i n e  t h e  l e n g t h  o f  t h e  Second i n  
terms o f  t he  cesi'um resonance, executed i r i  1967, 
as " the  d u r a t i o n  o f  9,192,631,770 per iods o f  
t h e  r a d i a t i o n  corresponding t o  t h e  t r a n s i t i o n  
between t h e  two hyper f i ne  l e v e l s  o f  t h e  ground 
s t a t e  o f  t h e  cesium-133 atom." 

I n  a l o g i c a l  move the rea f te r ,  t he  i n te rna -  
t i o n a l l y  coord inated t i m e  scales,  Atomic T i m ,  
and Coordinated Cniversa l  Time, w r e  "un i f i ed . "  
Today, two t ime scales a r e  a v i l a b l e  worldwide: t h e  
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Internat ional  Atomic Time (TAI) and the Coordi- 
nated Universal. time (UTC). 

Par i s  from the i n p u t  of numerous timekeeping 
labora tor ies  around the world. UTC i s  derived 
from TAI, a l s o  by the BIH, using information 
on UT obtained by several  dozen astronomical 
observatbr ies  of worldwide d i s t r ibu t ion .  UTC 
is based on the same u n i t  of time as  TAI, i.e., 
on the atomic second. However, UTC's dating 
d i f f e r s  from TAI by an in tegra l  number of seconds 
i n  order  t o  approximate, t o  b e t t e r  than one 
second, the actual astronomical UT. 

The o f f i c i a l  o r  legal  time made ava i lab le  
by the responsible  labora tor ies  i n  the d i f f e r -  
ent count r ies  is  almost always an excellent 
approximation t o  UTC, of ten d i f f e r ing  by only 
a few microseconds from i t .  

TAI is  generated 
, by the Internat ional  Time Bureau (BIH) i n  

The types of standards which a r e  i n  actual  
use as  frequency standards and clocks i n  science 
and industry have not changed during the past  
decade. We s t i l l  f ind hydrogen masers, cesium 
beam tubes, rubidium gas c e l l s ,  and quartz crys- 
t a l  o s c i l l a t o r s .  However, considerable tech- 
nological advances have s ign i f i can t ly  improved 
the performance and o ther  physical character-  
istics of these standards.  More improvements 
a re  possible;  and, i n  f a c t ,  a considerable 
amount of  e f f o r t  i s  being expended i n  this direc-  
t ion  by industry,  universities, and government. 
These improvements of the past  and the present 
na tura l ly  have been and a r e  being paral le led 

, by corresponding advances i n  measurement methods 
and techniques as well a s  i n  the dissemination 
of time and frequency. 

2. FREQUENCY STABILITY OF PRECISION OSCILLATORS~ 3 

We wi l l  concern ourselves i n  this chapter 
only w i t h  those devices which a r e  commercially 
ava i lab le  and/or have d i r e c t  importance f o r  
appl ica t ions ;  i .e., we wi l l  discuss  only c rys ta l  
o s c i l l a t o r s ,  cesium beam devices,  rubidium gas 
cell devices ,  and hydrogen masers. 

Figure 1 is adapted from Ref. 2 ,  but up- 
dated. I t  includes c rys ta l  o s c i l l a t o r s  and 
various types o f  laboratory and commercial 
atomic frequency standards.  
fo r  shor t  sampling times quartz c rys ta l  o sc i l -  
l a t o r s  a r e  the o s c i l l a t o r s  o f  choice. For 
medium-term s t a b i l i t y ,  the hydrogen maser is 
superior  t o  any o ther  standard which i s  ava i l -  
ab le  today. For very-long-term s t a b i l i t y  o r  
clock Performance, cesium standards a r e  pre- 
sen t ly  the devices o f  choice. Rubidium stan- 
dards a r e  not superior  i n  any region of averaging 
times; however, they excel i n  the combination 

Figure 1 shows tha t  

of good performance, cos t  and size. 
should be noted t h a t  i n  Figure 1 the best 
ava i lab le  s t a b i l i t i e s  (usual ly  obtained i n  a 
laboratory environment) a r e  l i s t e d  f o r  each 
c l a s s  of standards,  regardless  of other  charac- 
teri z a t i  on o f  the devices. 

I t  

r. 
1 

1 10 103 10) 

Figure 1 

Figure 1 i l l u s t r a t e s  t h a t  the choice of 
atomic frequency standards should be a matter 
of very careful  consideration and weighing of 
the t rade-offs  and actual  requirements. For 
any system appl icat ion of precis ion osci 1 l a to r s ,  
i t  i s  important t o  first determine the ac tua l ly  
needed s t a b i l i t y  performance of the devices; 
secondly, t o  consider the environmental conditions 
under which the standard has t o  perform; and 
t h i r d l y ,  the s i z e ,  w e i g h t ,  cos t ,  and turn-on 
cha rac t e r i s t i c s  of the standard.  Occasionally, 
a system designer wi l l  f ind  t h a t  a standard w i t h  

' a l l  the cha rac t e r i s t i c s  needed is  not ava i lab le  
In this case,  the designer has 

two a l te rna t ives :  e i t h e r  t o  ad jus t  h i s  system 
parameters t o  accommodate one of the ava i lab le  
standards o r  t o  choose a combination of these 
standards t o  f u l f i l l  h i s  need. The systems con- 
cept  a s  a solut ion t o  a design problem is a very 
powerful t o o l ,  and i t  can be real ized technical ly  
a t  no s a c r i f i c e  t o  the performance of the  indi-  
vidual components of the system. The only actual 
r e s t r i c t i o n s  may be physical s i z e  and cost .  I t  
should be noted here t h a t  many time sca l e  genera- 
t i n g  sys t em a r e  based on clock ensembles which 
f ea tu re  not only several  clocks o f  the same type 
b u t  a combinatibn of clocks of d i f f e ren t  design, 
For example, a t  the National Bureau o f  Standards 
we rout inely use a Combination of c rys ta l  osc i l -  
l a t o r s  and cesium standards when t e s t ing  pre- 
c i s ion  osc i l l a to r s .  

XIS) 

,2 on the market. 

An important design and appl icat ion top ic  
I t  can be is the tunab i l i t y  of an o s c i l l a t o r .  

generalized t h a t  f o r  any o s c i l l a t o r ,  c rys ta l  or 
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atomic, there i s  a trade-off between tunab i l i t y  
and s t ab i  l i  t y  (and accuracy). 
t unab i l i t y  introduces i n t o  t h e  o s c i l l a t o r  a vari: 
ab le  element which i s  a l so  frequency determining 
and t h u s  degrades t o  the degree of t unab i l i t y  the 
primary function of the crys ta l  o r  atomic resona- 
t o r  a s  the only frequency-determining element. 
Quan t i t a t ive  values of t h i s  degradation depend 
s t rongly  on t h e  pa r t i cu la r  engineering- so lu t ion .  
As an example, a varactor t unab i l i t y  over a range 
of loe7 in  a c rys ta l  o s c i l l a t o r  will  l i k e l y  p r  
clude any p o s s i b i l i t y  of reaching i n t o  the  10- 
region with such a device. 

The addition of 

73 

3. QUARTZ CRYSTAL OSCI LLATORS ' 
Two de le te r ious  e f f e c t s ,  among others,  a r e  

important i n  t he  design of c rys t a l s  and crys ta l  
o s c i l l a t o r s  ( F i g .  2 )  and l i m i t  their  usefulness. 
The f i r s t  i s  t he  temperature dependence of the 
quartz c rys t a l  resonance frequency; the second i s  
a slow change of the resonance frequency w i t h  
time ( d r i f t ,  aging).  

The temperature dependence is  caused by a 
s l i g h t  change i n  the  e l a s t i c  properties of the 
crys ta l  w i t h  temperature. However, ce r t a in  
c rys ta l lographic  or ien ta t ions  of the crys ta l  mini- 
mize t h i s  e f f e c t  over a r a the r  wide range of tem- 
peratures;  best  known in  t h i s  regard a r e  the so- 
ca l led  "AT" c t s .  Temperature coe f f i c i en t s  of 

t he l e s s ,  t h i s  e f f e c t  demands ce r t a in  precautions 
i n  the design of a c rys ta l  o s c i l l a t o r  i f  very 
h i g h  frequency s t a b i l i t i e s  over longer times 
(hours o r  days) a re  desired and/or i f  l a rge  en- 
vironmental temperature f luc tua t ions  a r e  t o  be 
to le ra ted .  Hence, many c rys t a l s  a r e  enclosed 
i n  e l ec t ron ica l ly  regulated ovens which maintain 
a constant temperature. 
o s c i l l a t o r s  t h i s  i s  aone t o  be t t e r  than 1/1000 
of a degree. 

l e s s  than 10- 8 per degree a r e  possible.  Never- 

I n  c e r t a in  c rys ta l  

A d i f f e r e n t  solution t o  the  temperature 
problem i s  the so-called temperature-compensated 
c rys ta l  o s c i l l a t o r  o r  TCXO. An additional f r e -  
quency-determining element in che o s c i l l a t o r  (of ten  
a varactor o r  mechanically tunable capac i tor )  
gives the  opportunity t o  tune the  o s c i l l a t o r  
over a limited range. The applied cor rec t ive  s ig-  
nal i s  derived from a temperature-sensing c i r c u i t .  
The TCXO t h u s  does n o t  necessarily require fur -  
ther  temperature control by an oven. However, we 
see  the drawback o f  t h i s  approach. I n  adding a 
fu r the r  frequency-determining element, the  c rys ta l  
resonator has t o  relinquish a corresponding p a r t  
of i t s  control on the  output frequency of the  
whole o s c i l l a t o r .  We, therefore ,  r ea l i ze  t h a t  the 
s t ab i l  i ty  performance of a T C X O  will degrade the  
more, the  wider t h e  temperature range of  compensa- 
t ion i s  made. 
of TCXO's i s  therefore  below t h a t  of c r y s t a l s  with 
a good oven cont ro l .  We find TCXO's in  small ,  
usually portable un i t s  of r e l a t i v e  low performance. 

The long-term s t a b i l i t y  (days) 

The d r i f t ,  o r  aging, i s  a common behav or of 
a l l  c rys t a l  o s c i l l a t o r s .  
change i n  resonance frequency w i t h  time, w h i c h  
frequently i s  negative ( i . e . ,  the resonance 
frequency decreases).  A frequency decrease 
could be in te rpre ted  as  an increase i n  the 
c rys t a l  s i z e .  Many physical mechanisms have 
been considered a s  the  cause: contamination o f  
t h e  surfaces (deposit ion of foreign materi a1 ) ; 
changes associated w i t h  t he  electrodes o r  the 
me ta l l i c  p la t ing ;  reformation of loose (from 
grinding and etching) sur face  material ; changes 
i n  the in te rna l  c rys t a l  s t ruc tu re ,  etc.--all  
of this possibly caused o r  enhanced by the  
v ibra t ing  motion of the o s c i l l a t i n g  c rys t a l .  
Careful fabr ica t ion  and e lec t rode  design com- 
bined w i t h  clean vacuum enclosures have led over 
the ears  t o  a reduction of the aging t o  about 

per day and b e t t e r  f o r  the best c rys t a l s .  

Two more e f f e c t s  on c rys t a l  resonators 

I t  i s  a nearly l i n e a r  

a r e  t o  be considered. One i s  i t s  r e l a t i v e  
s e n s i t i v i t y  t o  grav i ta t iona l  forces and accelera- 
t i on ;  frequency changes wi l l  occur because of 
the s t r e s ses  in  the c rys t a l  caused by these 
forces .  
of the force r e l a t i v e  t o  the crystallographic 
axes and  thus can be minimized f o r  ce r t a in  o r i -  
en ta t ions .  
t yp ica l ly  of t he  order of 
corresponding t o  the  e a r t h ' s  g rav i ta t ion .  

operation. I f  a c rys t a l  o s c i l l a t o r  is turned 
o f f  and, a f t e r  some time, p u t  back in to  ope'ration, 
i t  will  not o s c i l l a t e  immediately a t  the  o r i -  
ginal frequency b u t  wi l l  exhibit .  f i r s t  a 
"warm-up" due to  temperature s f ab i l  i za t ion  of 
the c rys ta l  resonator and i t s  oven and then fo r  
some time (as  long as many days) a la rge  b u t  
diminishing d r i f t  un t i l  i t  reaches i t s  previous 
aging performance. The frequency a t  which i t  
will  then operate might a l s o  be subs t an t i a l ly  
d i f f e r e n t  from i t s  frequency before the  in t e r -  
ruption ( r e t r a c e ) .  

a r e  typicaqly in the  range from 9 = lo4 t o  
almost Q = 10 . These a r e  very high Q-values 
as compared t o  most other resonators,  except, 
most notably, atomic resonators.  The high 
performance devices presently use 5 NHz o r  
2.5 MHz c rys ta l  resonators with Q-values o f  
more t h a n  one mi 11  ion. 

This influence depends on the d i rec t ion  

The magnitude af the e f f e c t  i s  
f o r  accelerations 

The o ther  e f f e c t  is  r e l a t ed  t o  in te rmi t ten t  

Crystal resonators have  Q-val ues which 
7 

These high Q-values a r e  an essent ia l  pre- 
r equ i s i t e  f o r  the exce l len t  s t a b i l i t y  perfor- 
mance of c rys ta l  o s c i l l a t o r s .  The best  pre- 
sen t ly  ava i lab le  devices show s t a b i l i t i e s  of - 
nearly one p a r t  in 1013 f o r  sampling times of 
the order of seconds. There i s  experimental 
evidence tha t  some c rys t a l  resonators may per- 
form be t t e r .  For times sho r t e r  than one 
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isecond, t h e  s t a b i l i t y  i s  o f t e n  determined by 

' p u t  o r  by  d i f f e r e n t  c i r c u i t  design. 

. in f luences such as l i n e  vo l tage  va r ia t i ons ,  

a d d i t i v e  no i se  i n  th'e ou tpu t  a m p l i f i e r s  and can 
then be reduced by a c r y s t a l  f i l t e r  i n  t h e  ou t -  

The long- 
term s t a b i l i t y  beyond several  hours '  sampling 
t ime  i s  determined by  aging and by ex te rna l  

temperature f l u c t u a t i o n s ,  e tc .  The r e l i a b i l i t y  
o f  c r y s t a l  o s c i l l a t o r s  i s  u s u a l l y  n o t  l i m i t e d  
by t h e  c r y s t a l ;  i t  i s  comparable t o  t h e  r e l i -  
a b i l i t y  o f  any e l e c t r o n i c  c i r c u i t  o f  equ iva len t  

' s o p h i s t i c a t i o n .  

h i g h  beam i n t e n s i t y  w i t h o u t  t oo  much s a c r i -  
f i c e  i n  t h e  a b i l i t y  o f  t h e  des igner  tb. c o n t r o l  
and p r e d i c t  t h e  func t i ons  o f  t h e  beam op t i cs .  
The l i n e  Q i s  determined by t h e  i n t e r a c t i o n  
t ime between t h e  atoms and t h e  microwave cav i t y .  
Thus, a beam o f  slow atoms and a long c a v i t y  
leads t o  a h igh  l i n e  Q. Commercial devices 
which f o r  obvious reasons a r e  r e s t r i c t e d  i n  
t o t a l  s i z e  have l i n e  Q's o f  a few 107; whereas, 
high-performance labo ra to ry  standards w i t h  an 
o v e r a l l  dev ice  l eng th  of up t o  6-m fea tu re  
l i n e  Q'S o f  up t o  3 x 108. 

4. ATOMIC CLOCKS~J  , b. Hydrogen tlaser Standards 

Be fo re  we d iscuss e f fec ts  which m igh t  
cause changes i n  t h e  ou tpu t  frequency of an as shown i n  Fig.  3.  The hydrogen i s  produced 
atomic standard, we should make a very  impor tan t  u s u a l l y  by a r a d i o  frequency d ischarge from 
statement: The atomic resonance frequency it- molecu la r  hydrogen. The beam then emerges i n  
s e l f  i s  g i ven  t o  us by nature;  i t  w i l l  n o t  d r i f t  a vacuum, passes a s t a t e - s e l e c t i n g  hexapole 
no r  age. Hence, atomic resonators  w i t h  Q-values magnet, and en ters  a qua r t z  vessel whose i n s i d e  

have accurac ies of one p a r t  i n  l o 8  o r  b e t t e r  s torage bu lb  i s  l oca ted  i n s i d e  of a microwave 
because we w i l l  n o t  be ab le  t o  p u l l  t h e  reso- 
nance frequency f u r t h e r  away than t h e  l i n e w i d t h  

, p f  t h e  resonance. 

a. Cesium Standards 

shown i n  F ig .  2. 
an oven i n t o  a vacuum, passes a f i r s t - s t a t e  
s e l e c t i n g  magnet, t raverses  a Ramsey-type c a v i t y  
where i t  i n t e r a c t s  w i t h  a microwave s igna l  

Hydrogen masers a r e  r a t h e r  s imple devices 

l o f  10 o r  h ighe r  may be expected t o  " n a t u r a l l y "  i s  l i n e d  w i t h  a f luorocarbon coat ing.  This 

I c a v i t y .  I f  t h e  c a v i t y  losses are  low enough 

ICROWAVE OUlPUl 

STATE 

The bas ic  des ign o f  a cesium standard i s  
The cesium beam emerges from 

C A V l l I  WITH STORAGE BULB 

HYDROGEN MSER * 10' 
V, - 1.4 GHz 

S L I V L  i OSCILLATOR 

Figure  2 

der ived  f rom a s lave  o s c i l l a t o r .  
s igna l  changes the  d i s t r i b u t i o n  of s ta tes  i n  
t h e  atomic beam, which i s  then analyzed and 
detected by means of t h e  second-state s e l e c t o r  
magnet and t h e  atom detec tor .  
na l  i s  used i n  a feedback loop t o  au tomat i ca l l y  
keep t h e  s lave  o s c i l l a t o r  tuned. The beam tube 
can be e i t h e r  a s i n g l e  convent ional  beam o r  a 
m u l t i p l e  beam as has been developed r e c e n t l y  i n  
some commercial beam tubes. Th is  a l lows a 

The microwave 

The de tec to r  s i g -  

F igu re  3 

and t h e  i n t e n s i t y  'of  t h e  s ta te -se lec ted  hydrogen 
beam h i g h  enough, se l f - sus ta ined  o s c i l l a t i o n s  
occur  and a microwave ou tpu t  i s  generated. This 
microwave ou tpu t  i s  used t o  l o c k  a c r y s t a l  o s c i l -  
l a t o r  t o  the  hydrogen t r a n s i t i o n  frequency v i a  
a frequency syn thes izer  and a phase comparator. 
Storage times o f  up t o  1 second can be r e a l i z e d  
u l t i m a t e l y  , 1 i m i  t e d  by recombination o f  hydro- 
gen and r e l a x a t i o n  o f  t he  s ta te -se lec ted  hydro- 
gen atoms a f t e r  too  many w a l l  bounces. The Q 
values o f  hydrogen masers a re  t h e  h ighes t  o f  
a l l  t h e  t r a d i t i o n a l  frequency standards and 
a re  t y p i c a l l y  2 x lo9, which accounts f o r  t h e  
e x c e l l e n t  s t a b i l i t y  o f  hydrogen masers as 
l i s t e d  i n  F ig .  1. 

c. Rubidium Standards 

The bas ic  des ign of a pass ive rub id ium 
gas c e l l  standard i s  dep ic ted  i n  Fig. 4. 
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L16HT 
CAVITY WITH G A S  CELL 
(Rb + BUFFER GAS) 

RUBIDIUM GAS CELL Q - 10' - 3 x 1:; 
V, = 6.8 GHz (Rb ) 

F igure  4 
* t s - .  

Rubid'iuni and some bu f fe r  gas i s  conta ined 
w i t h i n  a s torage c e l l  l oca ted  w i t h i n  a mic ro-  
wave c a v i t y .  The s torage c e l l  i s  complete ly  
sealed o f f .  A lamp emits l i g h t  a t  an o p t i c a l  
t r a n s i t i o n  o f  t h e  rubidium. I t i s  t ransmi t ted  
through a f i l t e r  which conta ins  a rub id ium 
isotope, then through t h e  rub id ium c e l l  t o  a 
photodetector.  I f  the  s igna l  i n j e c t e d  from a 
s lave  o s c i l l a t o r  i n t o  t h e  c a v i t y  co inc ides  w i t h  
t h e  microwave t r a n s i t i o n ,  t h e  l i g h t  i n t e n s i t y  
i s  changed due t o  t h e  simultaneous a c t i o n  of 
t h e  microwave r a d i a t i o n  and t h e  l i g h t  r a d i a t i o n  
on. t h e  same energy l e v e l .  Thus t h e  de tec to r  
s igna l  can be used i n  a feedback network t o  
keep t h e  s lave  o s c i l l a t o r  on the  rub id ium 
resonance frequency. I f  t h e  c a v i t y  i s  o f  su f -  
f i c i e n t l y  low loss ,  and t h e  rub id ium content  
and t h e  lamp i n t e n s i t y  a re  s u f f i c i e n t l y  high, 
t h e  system i s  capable o f  se l f - sus ta ined  o s c i l -  
l a t i o n s  ( rub id ium maser o s c i l l a t o r ) .  

The system can be b u i l t  r a t h e r  compactly 
and thus has l e d  t o  several  commercial devices 
o f  r a t h e r  small  s ize ,  weight, and low cos t  as 
compared t o  the  o ther  atomic frequency standards. 
Rubidium standards e x h i b i t  a long-term performance 
i n c l u d i n g  aging and d r i f t  which i s  considerably  
i n f e r i o r  t o  t h a t  o f  t he  o the r  atomic standards. 
It i s  l i k e l y  t h a t  t h i s  behavior  i s  due t o  small 
changes i n  b u f f e r  gas composit ion, rub id ium 
densi ty,  l i g h t  i n t e n s i t y ,  spec t ra l  d i s t r i b u t i o n  
o f  t h e  l i g h t ,  e tc . ,  as the  standard ages. How- 
ever, new developments appear t o  y i e l d  some 
b e t t e r  hand l ing  o f  these long-term processes. 

Some general statements can be made con- 
cern ing  t h e  phys ica l  e f f e c t s  which may cause 
frequency changes i n  atomic c locks .  
fo l low ing ,  we are  no t  exhaust ive,  bu t  l i s t  on l y  
t h e  major  pe r tu rb ing  e f f e c t s :  

I n  the  

(1 )  E l e c t r o n i c  noise and o f f s e t s :  Random 
no ise  i n  t h e  c r y s t a l  o s c i l l a t o r  ( s lave  o s c i l l a -  
t o r ) ,  t h e  de tec tor ,  t h e  microwave c a v i t y ,  t he  

modulat ion and servo i r c u i t s ,  and t h e  f r e -  
quency syn thes izer  w i  11 cause corresponding 
f l u c t u a t i o n s  o f  t he  ou tpu t  frequency. 
o f f s e t s ,  e s p e c i a l l y  i n  t h e  modulat ion and servo 
c i r c u i t s  can cause frequency o f f s e t s ,  which may 
vary  w i t h  t ime a f f e c t i n g  t h e  long-term s t a b i l i t y  
and p o t e n t i a l l y  causing some aging. 

(2) Cav i t y  p u l l i n g :  The microwave c a v i t y  
i s  i t s e l f  a resonator,  
t i o n a l  frequency-determining element besides 
t h e  atoms. It in f luences  t h e  ou tpu t  frequency 
by p u l l i n g  t h e  combined resonance frequency t o  
a va lue  which u s u a l l y  l i e s  between the  resonances 
o f  t h e  atom and c a v i t y .  
t un ing  w i l l  be re laxed  i f  the 'Q-va lue  o f  t h e  
atomic resonance i s  as h i g h  as poss ib le  and t h e  
cav i t y -Q  as low as poss ib le .  For a l l  p r a c t i c a l  
purposes, on l y  t h e  hydrogen maser s u f f e r s  i n  t h i s  
regard, whereas t h e  cesium and rub id ium stan- 
dards d i s p l a y  n e g l i g i b l e  e f f e c t s  due t o  t h e  f a c t  
t h a t  t h e  atomic resonance i s  not moni tored v i a  
t h e  microwave s igna l  b u t  v i a  atomic beam o r  l i g h t  
de tec t ion ,  respec t i ve l y .  I n  t h i s  case t h e  p u l l -  
i n g  f a c t o r  i s  t he  square o f  t he  Q - r a t i o s  o f  
c a v i  ty-Q and atomi c-resonance-Q ( i n  hydrogen 
masers i t  i s  d i r e c t l y  t h e  r a t i o ) .  The p u l l i n g  
f a c t o r s  i n  Cs an 
t h e  orde5 o f  la-' o r  sma l le r  as compared t o  a t  
bes t  10- i n  hydrogen masers. 

Vol tage 

Thus we have an addi-  

The requirements f o r  

Rb a re  the re fo re  t y p i c a l l y  o f  

(3) t l icrowave spectrum: I f  t h e  e x c i t i n g  
microwave s iqna l  has n o t  a symmetric b u t  an 
asymmetric d i s t r i b u t i o n  o f  f requencies,  a 
frequency p u l l i n g  occurs which conceptua l l y  i s  
re1  a ted  t o  t h e  mechanism o f  cav i  ty  p u l l  i ng . 
By c a r e f u l  design i n  t h e  e lec t ron i cs ,  t h i s  
e f f e c t  can be made n e g l i g i b l e ,  and i t  i s  n o t  
present  i n  t h e  hydrogen maser o s c i l l a t o r .  

(4 )  C o l l i s i o n s :  C o l l i s i o n s  between t h e  
atoms, and between the  atoms and t h e  w a l l s  o f  
a vessel (gas c e l l )  i n  which t h e  atoms may be 
conta ined-  w i l l  n o t  o n l y  shor ten  t h e  du ra t i on  
o f  the  o s c i l l a t i o n  b u t  a l s o  cause a frequency 
s h i f t .  Obviously, these e f f e c t s  can be m i n i -  
mized by having low atom d e n s i t i e s  and no wa l ls ,  
i f  possible,  such as i n  t h e  case o f  t he  cesium 
beam. 

( 5 )  Doppler e f f e c t :  The apparent change 
i n  frequency i f  t h e  e m i t t e r  moves r e l a t i v e  t o  
an observer i s  t he  f i r s t  o rder  Doppler e f f e c t .  
Here, t he  moving ob jec ts  a r e  t h e  o s c i l l a t i n g  
atoms and the  observer i s  t h e  microwave c a v i t y .  
The Doppler e f f e c t  can be h i g h l y  reduced by 
choosing a r i gh t -ang le  o r i e n t a t i o n  o f  the  atomic 
beam w i t h  respect t o  t h e  d i r e c t i o n  o f  t he  o s c i l -  
l a t i n g  magnetic microwave r a d i a t i o n ,  o r  by 
p lac ing  a gas c e l l  i n s i d e  o f  t h e  c a v i t y .  The 
change i n  frequency due t o  t h e  f a c t  t h a t  t he  
moving "c lock"  goes s lower  as measured from 
an observer a t  r e s t  i s  c a l l e d  t h e  second-order 
o r  r e l a t i v i s t i c  Doppler e f f e c t .  I n  c o n t r a s t  
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t o  t h e  f i r s t  o r d e r  e f f e c t  i t  i s  independent o f  
t h e  d i r e c t i o n  o f  movement. It should be noted 
t h a t  exper imenta l  v e r i f i c a t i o n s  o f  t h i s  e f f e c t  
have n o t  y e t  been c a r r i e d  o u t  t o  much b e t t e r  
than 1 percent.  

(6 )  Magnetic f i e l d :  O f  t h e  e f f e c t s  which 
we d iscuss here, t h i s  i s  t he  o n l y  one which 
d i r e c t l y  a f f e c t s  t h e  atomic resonance. A l l  pre- 
sen t  atomic standards use magnetic d i p o l e  t r a n s i -  
t i o n s ;  t he re fo re ,  t h e  atomic resonance frequency 
changes i n  a magnetic f i e l d .  
magnetic sh ie ld ing ,  which i s  a c h a r a c t e r i s t i c  
des ign f e a t u r e  o f  a l l  p resen t l y  used atomic f r e -  
quency standards. 
q u i t e  e labo ra te  and reduces t h e  ex terna l  mag- 
n e t i c  f i e l d s ,  e.g., t h e  e a r t h ' s  magnetic f i e l d ,  
t o  1. percent  o r  l e s s  o f  i t s  ex te rna l  value. This 
res idua l  magnetic f i e l d  can s h i f t  t h e  ou tpu t  
f reque y f r a c t i o n a l l y  by an amount o f  t h e  o rde r  
of t y p i c a l l y ,  as compared t o  t h e  f r e -  
quency o f  t h e  atom i n  a zero magnetic f i e l d .  
However, t h e  magnitude o f  t h e  magnetic f i e l d  
can be measured q u i t e  p rec i se l y ,  a c t u a l l y  t o  
an accuracy which i s  much b e t t e r  than requ i red  
i n  view o f  t h e  o the r  discussed l i m i t a t i o n s .  
Th is  measurement uses t h e  atom i t s e l f  as t h e  
magnetometer. I n  F ig .  5, which i l l u s t r a t e s  
cesium, t h e  c l o c k  t r a n s i t i o n  i s  i n d i c a t e d  
by t h e  s o l i d  l i n e ;  t h e  magnetic f i e l d  H can 
be'measured very  p r e c i s e l y  by measuring t h e  
"magnetic f i e l d  dependent" o r  Zeeman reso- 
nances a t  h ighe r  o r  lower f requencies 

Th is  necess i ta tes  

The s h i e l d i n g  i s  u s u a l l y  

9 .  

I L 
-o= AT ti = Ho 

F igu re  5 

as i n d i c a t e d  by t h e  do t ted  l i n e s  between t h e  
energy l e v e l s .  
dependencies a re  given by t h e  f o l l o w i n g  equations 
(v o r  f i n  Hz, H i n  T) f o r  t h e  s h i f t  i n  t h e  

The corresponding magnetic f i e l d  

c l o c k  t r a n s i t i o n :  

v - v 0 = K ~ H *  

[Rb:K1 = 5.73 x l o l o ;  
H:K1 = 27.5 lo1'; 
Cs:K1 = 4.27 x lo"] 

f o r  t h e  "magnetic f i e l d  

VM - vo - - K2H 

[Rb:K2 = 1.4 x l o lo ;  
H :None ; 

Cs:K2 = 0.7 x 10 ] 10 

dependent" resonance : 

f o r  the  low frequency resonance: 

f = K3H 

[Rb:K3 = 0.7 x l o l o ;  
H:K3 = 1.4 x 10"; 

Cs:K3 = 0.35 x 10 1. 

M 

10 

We can thus  ob ta in  the  magnetic f i e l d  H by 
measuring vw - vo or fH, and can then app ly  
t h e  proper  frequency s h i f t  c o r r e c t i o n  i n  t h e  
c lock  t r a n s i t i o n  according t o  t h e  f i r s t  o f  
t h e  above equations. 

The ou tpu t  frequency has t o  be cor rec ted  
t o  r e f l e c t  t he  frequency o f  the  magnet ica l l y  
unperturbed atom. This can be done e i t h e r  by 
c a l c u l a t i o n s  or ,  as i n  most commercial devices, 
by hardware imp; m e n t a t i o n  w i t h i n  t h e  synthe- 
s i z e r ,  which i s  necessary i n  any event t o  pro- 
duce a standard 5 FlHz ou tpu t  frequency. 
magnetic f i e l d  can, i n  p r i n c i p l e ,  be a l s o  
ad jus ted  i n  order t o  ad jus t  t he  ou tpu t  frequency 
o f  t he  device. This i s  sometimes done i n  com- 
merc ia l  frequency standards; however, i t  i s  no t  
recoamended f o r  h igh-prec is ion  devices, s ince  
any change of  the  magnetic f i e l d ,  vo lun ta ry  o r  
i nvo lun ta ry ,  w i l l  cause a change i n  t h e  behavior  
o f  t he  magnetic sh ie ld ing  o f  t h e  device. 
may necess i ta te  a degaussing c y c l e  i n  t h e  i n s t r u -  
ment, and c e r t a i n  d r i f t  o r  t r a n s i t o r y  behavior  
i n  the  ou tpu t  frequency of  t h e  dev ice may r e s u l t .  
Also, t h e  res idua l  magnet izat ion o f  t h e  sh ie lds  
( e s p e c i a l l y  t he  innermost one) may e x h i b i t  
changes due t o  not-we1 l -understood aging 
mec hani sms . 

The 

I t 
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5. PRECISION OSCILLATORS POTENTIALLY 
AVAILABLE IN THE 

a.  Near. Future: existing o s c i l l a t o r s  

l i s t  here only those devices and improvements 
which appear t o  be e a s i l y  r ea l i zab le  within 
today's technology. 
ments of about 1 order of magnitude i n  a l l  four 
devices: c rys t a l  o s c i l l a t o r s ,  hydrogen masers, 
cesium beam tubes, and rubidium standards. In 
the case of c r y s t a l s ,  t h i s  i s  due t o  better 
understanding and control of the noise behavior 
i n  the c rys ta l  resonator i t s e l f  and, more 
importantly, i n  the  design of the e lec t ronic  
c i r c u i t s  and the se lec t ion  of e l ec t ron ic  com- 
ponents. Also, new crys ta l  cu ts  a r e  be ing  
developed which promise superior performance 
w i t h  regard t o  s t r e s s  phenomena; i . e . ,  they may 
be b e t t e r  i n  warm-up, temperature grad ien ts ,  
acce le ra t ions ,  e t c .  In the case of hydrogen, we 
expect an even be t t e r  control of the cavity-pull-  
i n g  e f f e c t s  which transduce temperature, pres- 
sure ,  and vibrational e f f ec t s  i n to  frequency 
f luc tua t ions .  Also, s ign i f i can t ly  improved 
methods f o r  long-term temperature control of 
the cavi ty ,  as  well as improvements i n  t he  coat- 
ing method of t he  storage bulb and t he  incor- 
poration of sensors a n d  servos f o r  control of 
possible changes in the  wall properties will  
play a n  important p a r t .  A b e t t e r  understanding 
and control of the  a g i n g  of rubidium c e l l s  d u e  
t o  improved control of the lamp in t ens i ty ,  as  
well as  t be  coinposition in the c e l l s  appears 
possible. 
f l i c k e r  rioise performance i s  expected, as well 
as impruvid sic;ridli Icve l j .  Flicker noise e f f e c t s  
may be dae t o  cavity temperature grad ien ts ,  
microridve in te r roga t ion  power f luc tua t ions ,  mag- 
ne t i c  f i e l d  va r i a t ions ,  e t c . ,  a l l  of which can 
be controlled t o  higher precision than i s  pre- 
sen t ly  done. The rigorous application of good 
magnetic shielding techniques and improved nder- 
standinq o f  magnetization changes witn time i n  
magnetic material w i l l  s i gn i f i can t ly  impact on  
the performarice, espec ia l ly  i n  long term, o 
a l l  atomic Standards. 

b .  tiear Future; new devices 

As was outlined i n  the introduction, we 

We expect s t a b i l i t y  improve- 

I n  cesium an understanding of the  

Five new concepts of devices a r e  already 
i n  various stages of perfection: 
c e l l s ,  dval c rys ta l  standards,  passive hydrogen 
masers, simple atomic standards , a n d  supercon- 
ducting cavity o s c i  1 l a t o r s .  

l i k e  the  rubidium gas ce l l  device, except t h a t  
cesium i s  used, which necess i ta tes  a d i f f e ren t  
lamp/fi l t e r  arrangement. There i s  the  potential  
t ha t  some aging e f f ec t s  may be b e t t e r  cont ro l lab le  
with a cesium device because i t s  d i f f e r e n t  f i l -  
t e r  permits b e t t e r  control and higher symmetry 

cesium gas 

The cesium gas c e l l  device i s  very much 
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of the opt ica l  spectrum. However, as ide  from 
this, the cesium gas c e l l  device is expected 
t o  have cha rac t e r i s t i c s  s imi l a r  t o  the projected 
performance of rubidium gas c e l l  devices. 

The  dual-crystal concept cons i s t s  o f  a 
c rys ta l  o s c i l l a t o r  which i s  locked t o  a c rys ta l  
resonator w i t h  a reasonably long time constant. 
The advantage of a combination o f  a passive 
c rys ta l  with an ac t ive  c rys t a l  o s c i l l a t o r  l i e s  
i n  the r ea l i za t ion  of exceedingly high short- 
t e m  s t a b i l i t y  i n  the o s c i l l a t o r ,  while the 
crys ta l  resonator can be spec i f i ca l ly  designed 
f o r  exce l len t  long-term s t a b i l i t y .  In c rys ta l  
o s c i l l a t o r s  short-term and long-term s t a b i l i t y  
have been opposing goals because high short- 
term s t a b i l i t y  typ ica l ly  requires low dr ive  
l eve l s  a t  the  c rys ta l  resonator. A combination 
u s i n g  two c rys t a l s  could optimize on b o t h  i n  
t he  same package. 

The passive hydrogen maser has been studied 
i n  d e t a i l  and has demonstrated f e a s i b i l i t y .  T h e  
device i s  s imi l a r  t o  a conventional ac t ive  maser 
except t h a t  i t s  advantages r e l y  t o  a high degree 
on reduction of cavi ty  pulling. 
a1 ready, cavity pull i ng serves a s  the transducer 
f o r  temperature f luc tua t ions ,  pressure f luc tu-  
a t ions ,  mechanical s t r e s s  f luc tua t ions ,  e t c . ,  
i n to  frequency f luc tua t ions .  An increased 
environmental i n sens i t i v i ty  coupled with a sim- 
p l i f i e d  design and  exce l len t  long-term s t a b i l i t y  
without very h i g h  demands on the  temperature 
s t a b i l i t y  can be rea l ized .  The hydrogen reso- 
nance i s  interrogated by a signal derived from 
a c rys t a l  o sc i l l a to r .  The signal i s  used t o  
lock the  c rys ta l  t o  t he  hydrogen resonance. A 
1 0 ~ 1  cav i ty  Q can be realized by using a lossy 
cav i ty ,  which may be a small d i e l e c t r i c a l l y  
loaded cavity.  
smaller devices, i . e . ,  a volume of the  order 
of 100 It appears possible.  

As was mentioned 

This would lead t o  considerably 

Small and inexpensive atomic frequency 
standards appear possible.  Tradi t iona l ly ,  
a t m i c  frequency standards have been devised, 
designed, and  b u i l t  in  order t o  achieve per- 
formances impossible t o  reach with c rys ta l  
o s c i l l a t o r s .  Thus, t he  se lec t ion  o f  t he  
atomic resonance as well as the  whole design 
concept was directed toward  achievinq the utmost 
in s t ab i l ' i t y  and accuracy. 
phi 1 osophy, however, appears possible.  Crystals 
require ca l ibra t ion  and show environmental sen- 
s i t i v i t y ,  in p a r t i c u l a r ,  with regard t o  tem- 
perature and acce lera t ion .  
resonance i s  viewed only as  a means to  reduce 
or eliminate these negative performance charac- 
t e r i s t i c s  of a c rys ta l  o s c i l l a t o r ,  we a r e  not 
necessarily constrained t o  resonances which 
lead t o  utmost s t a b i l i t y  and accuracy per- 
fcmance,  b u t  others may be considered t h a t  
lead t o  simpler designs. 

A d i f f e ren t  design 

I f  the  atomic 



- 
Such a s imple atomic standard cou ld  be b u i l t  
based on t h e  well-known i n v e r s i o n  t r a n s i t i o n  i n  
ammonia. Pmmonia w i l l  n o t  permi t  t h e  des ign o f  
a s tandard exceeding s i g n i f i c a n t l y  a 10-10 per-  
formance 1 eve1 i n  s t a b i  1 i ty , accuracy, and 
env' onmental i n s e n s i t i v i t y ;  however, up t o  t h e  

r e a l i z a b l e .  The o s c i l l a t o r  has n o t  necessa r i l y  
t o  be a c r y s t a l  o s c i l l a t o r .  I f  t h e  s tandard i s  
t o  opera te  under severe acce le ra t i on  and v ib ra -  
t i o n ,  t h e  s e n s i t i v i t y  of a c r y s t a l  aga ins t  
these in f l uences  may cause l o s s  o f  l o c k  t o  t h e  
atomic resonance. Therefore, i t  may be advan- 
tageous t o  use o t h e r  o s c i l l a t o r  concepts such 
as a convent ional  LC o r  a Gunn e f f e c t  o s c i l l a -  
t o r .  The dev ice  w i l l  have a performance which 
i s  i n  c e r t a i n  ways i n f e r i o r  t o  t h a t  o f  l abo ra to ry -  
t y p e  c r y s t a l  o s c i l l a t o r s ,  b u t  i t  i s  p ro jec ted  
t h a t  a combinat ion o f  low cost, s ize,  and en- 
v i ronmental  s e n s i t i v i t y  can be ob ta ined which i s  
n o t  p resen t l y  ava i  1 ab1 e wi th any o t h e r  des ign 

a r a t h e r  s imple des ign concept should be 

.: so lu t fon .  ' 

The iuperconduct i  ng c a v i t y  osc i  11 a t o r  concept 
a l ready  demonstrated a s t a b i l i t y  performance which 
exceeds t h a t  o f  any o t h e r  kn n o s c i l l a t o r .  I n  
f a c t ,  s t a b i l i t i e s  i n  t h e  reg ion  have been 
r e a l i z e d  a t  averaging t imes o f  hundreds o f  
seconds. The superconducting c a v i t y  o s c i l l a t o r  
appears adaptable t o  commercial des ign and would 
be t h e  bes t  per former f o r  medium-term s t a b i l i -  
t i e s  (averaging t imes t o  100 s ) .  
t h e r e f o r e  be o f  i n t e r e s t  t o  users such as those 
engaged i n  very  long base l ine  i n te r fe romet ry .  
appears, however, u n l i k e l y  t h a t  t h e  supercon- 
duc t i ng  c a v i t y  o s c i l l a t o r  can become a very  
smal l  and rugged device, and i t  i s  equa l l y  u n l i k e -  
l y  t h a t  i t s  environmental s e n s i t i v i t y  ( e s p e c i a l l y  
aga ins t  v i b r a t i o n s )  can be reduced s i g n i f i c a n t l y .  

c. D i s t a n t  Fu ture  

I n  Table 1 i s  g iven  a summary o f  c lasses o f  
dev ices which a r e  p resen t l y  known :o p a r t i c i p a t e  
i n  t h e  "compet i t ion"  f o r  p o t e n t i a l l y  e x c e l l e n t  
performance i n  t h e  more d i s t a n t  f u tu re .  
w i l l  i nc lude  classes where we f i n d  devices 
a l ready  a v a i l a b l e  today (e.g., cesium) b u t  a l s o  
novel  concepts. The reader  should consu l t  
References [3,4] f o r  more d e t a i l .  

It cou ld  

I t  

They 

6. FREQUENCY STABILITY AND I T S  MEASUREMENT4*5*6 

Rost  impor tan t  t o  most frequency and t i m e  

S t a b i l i t y  can be charac ter ized  i n  t h e  
The 

m e t r o l o g i s t s  i s  probably  t h e  s t a b i l i t y  o f  a s tan-  
dard. 
frequency domain o r  i n  t h e  t ime domain. 
instantaneous f r a c t i o n a l  frequency d e v i a t i o n  y( t) 
frm t h e  nominal frequency uo i s  r e l a t e d  t o  t h e  
instantaneous phase d e v i a t i o n  @( t) from the 
nominal phase 2 w o t  by d e f i n i t i o n  

y ( t )  z p 
mO 

a. Frequency Domai n : 

I n  t h e  frequency domain, frequency s t a b i l i t y  
is conven ien t ly  de f ined as t h e  one-sided s p e c t r a l  
dens i t y  S (f) o f  y ( t ) .  More d i r e c t l y  measurable 
i n  an e x p h m e n t  i s  t h e  phase no ise  or, more 
p rec i se l y ,  the  s p e c t r a l  dens i t y  o f  phase fluc- 
t u a t i o n s  S o ( f )  which i s  r e l a t e d  t o  S y ( f )  by 

-0 

For t h e  above, f i s  de f ined as t h e  F o u r i e r  f r e -  
quency o f f s e t  from vo. 

sured; however, use fu l  est imates o f  S@(f )  can 
e a s i l y  be obtained. One use fu l  experimental 
arrangement t o  measure S + ( f )  i s  g iven  i n  F ig .  6. 

O f  course, S o ( f )  cannot be p e r f e c t l y  mea- . 

SPECTRUM 
ANACYSER 

TUNED TO f 

LOOSE P H A S E - L O C K  

Figure  6 

If t h e  measured o s c i l l a t o r  and t h e  re fe rence 
o s c i l l a t o r  a re  equal i n  t h e i r  t o t a l  performance, 
and i f  t h e  phase f l u c t u a t i o n s  a re  small ,  4.e.. 
much l e s s  than a radian, then, f o r  one o s c i l l a t o r  

a 



where V ( f )  i s  the rms vo l tage  a t  t h e  m ixe r  ou t -  
p u t  due t o  t h e  phase f l u c t u a t i o n s  w i t h i n  a 1 Hz 
bandwidth a t  Four ie r  frequency f, V R  i s  a r e f e r -  
ence voltage which describes the  mixer sensi- 
t i v i t y  and i s  equ iva len t  t o  t h e  s inuso ida l  peak- 
to-peak vo l tage  o f  t h e  two o s c i l l a t o r s ,  unlocked 
and beat ing .  The phase lock  l oop  i s  on l y  neces- 
sa ry  t o  keep the  s igna ls  i n  phase-quadrature a t  
t h e  mixer; i t  & b e  a s u f f i c i e n t l y  loose lock ,  
i.e., i t s  a t t a c k  t ime (corresponding t o  t h e  
un i t y -ga in  cond i t i on )  i s  long  enough t o  n o t  
a f f e c t  a l l  ( f a s t e r )  f l u c t u a t i o n s  t o  be measured. 

b. Time Domain 

The r e l a t i o n s h i p  between t h e  frequency and 
t ime domain, e s s e n t i a l l y  a Four ie r  t ransforma- 
t i o n ,  i s  ex tens i ve l y  covered i n  Ref. (5 ) .  
t h e  t ime domain, frequency s t a b i l i t y  i s  de f ined 
by t h e  sample variance: 

I n  

where < > denotes an i n f i n i t e  t ime  average, N i s  
t h e  number o f  frequency readings i n  measurements 
o f  d u r a t i o n  .T, and r e p e t i t i o n  i n t e r v a l  T,B i s  
t he  bandwidth o f  t h e  measurement system. 
noise processes con ta in  i nc reas ing  f r a c t i o n s  o f  
t h e  t o t a l  no ise  power a t  lower Four ie r  frequen- 
c ies ;  e.g., f o r  f l i c k e r  o f  frequency no ise  t h e  
above var iance approaches i n f i n i t y  as FI -+ m. 

This,  together w i t h  t h e  p r a c t i c a l  d i f f i c u l t y  
t o  ob ta in  exper imenta l ly  l a r g e  values o f  N ,  l e d  
t o  t h e  convent ion o f  using always a p a r t i c u l a r  
value o f  N. I n  recent  years, frequency s ta -  
b i l  i ty  has become almost u n i v e r s a l l y  understood 
as meaning t h e  square r o o t  o f  t he  two-sarnplevarianc 
( A l l a n  Variance) O , , ~ ( T ) ,  def ined as i n  Eq. ( 4 )  
f o r  N = 2, T = T. 

Some 

u ( T )  i s  converqent f o r  a l l  no ise  proce 

:e 

Figure 7 

Very o f ten  i t  i s  use fu l  t o  r e s o r t  t o  a 
technique i l l u s t r a t e d  i n  F ig .  8. 
o f  t h e  o s c i l l a t o r  under t e s t  and the  re fe rence 
o s c i l l a t o r  a re  bo th  m u l t i p l i e d  t o  higher f r e -  
quencies, e.g., i n t o  the  GHz region, be fore  the  
beat frequency i s  obta ined and then analyzed. 
This has the  e f f e c t  o f  an expansion o f  t h e  phase 
o r  frequency f l u c t u a t i o n s  by t h e  frequency mu1 ti- 
p l i c a t i o n  f a c t o r .  This re laxes  considerably  t h e  
demand on the  beat-frequencj l  ana lys is  equipment 
bu t  introduces the  m u l t i p l i e r s  as a d d i t i o n a l  
no ise  sources. This frequency m u l t i p l i c a t i o n  
technique i s  use fu l  f o r  measurements i n  t h e  f r e -  
quency domain as  w e l l  as i n  the  t ime domain. 
Coin;;ercial zquipment based on t h i s  technique i s  
on the  mar5l:t. 

The f requencies 

. - r 

F R E Q  
M U L T I P L I E R  

OSC 
( > ' ( D E R  - 
T E S T )  1 

T I M E  OR 

M I X k R  P E A T  DOHA1 F R E Q U E N C Y  Y 

A N A L Y S I S  

ses coin- 
d n l y  found i n  o s c i l l a t o r s .  
t h a t  even f o r  Eq. ( 5 )  B remains an important 
parameter which must be taken i n t o  cons idera t ion .  
Fig.  7 dep ic t s  th ree  d i f f e r e n t  measurement sys- 
tems which may be used t o  determine c y ( [ ) .  

It should be rioted 

I R E ' E 2 I N C E )  t- F R i Q  
N U L T I P L I E R  

I 

F igu re  8 
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7. NOISE PROCESSES 

Noise processes a re  models of precision 
o s c i l l a t o r  noise t h a t  produce a pa r t i cu la r  
slope on the  spectral  density p lo t .  
c l a s s i fy  these noise processes i n t o  one of f i v e  
categories .  For p l o t s  of; S * ( f ) ,  they are:  

1. Random walk Ft.1 (random wgl k of frequency), 
S+ plot  goes down as l / f  . 
Flicker FM ( f l i c k e r  of frequency), S4 plot  
goes down as  l / f 3 .  

We often 

2. 

3. White. Ft4 (white f frequency),  So plo t  

4. Flicker $t4 ( f l i c k e r  of phase),  S$ plo t  
goes down as  l / f .  

goes down as l / f  B . 

5. White $M (white of phase, S4 p l o t  i s  f l a t .  

The spectral  density p lo t  of a typical 
o s c i l l a t o r ' s  o u t p u t  usually i s  a combination of 
d i f f e ren t  power-law noise processes. 

We can make the following general remarks about 
power-law noise processes: 

1. 

2. 

3. 

4. 

Random walk FM ( l / f 4 )  noise i s  d i f f i c u l t  
t o  measure, s ince i t  i s  usually very close 
t o  the c a r r i e r .  
r e l a t e s  t o  the o s c i l l a t o r ' s  physical envi- 
ronment. 
nant fea ture  of the spectral  density p lo t ,  
t h e n  mechanical shock, v ibra t ion ,  tempera- 
t u re ,  o r  other  environmental e f f ec t s  may 
be causing "random1' s h i f t s  in the c a r r i e r  
frequency. 

Flicker Ftl ( l / f 3 )  is  a noise whose physical 
cause is usually n o t  f u l l y  understood b u t  
may typica l ly  be related t o  the physical 
resonance mechanism of an ac t ive  o s c i l l a t o r  
or the design or choice o f  parts  used fo r  
the e lec t ronics ,  or even environmental 
propert ies .  
qual i ty  o s c i l l a t  r s ,  b u t  may be masked 

lower qua l i ty  o s c i l l a t o r s .  

White FM ( 1 / f 2 )  noise i s  a common type 
found  i n  passive-resonator frequency s tan-  
dards. 
often q u a r t z ,  which i s  locked t o  a reso- 
nance fea ture  o f  another device which 
behaves much l ike  a high-Q f i l t e r .  
Cesium and rubidium standards have white 
FN noise cha rac t e r i s t i c s  . 

Random walk FM usually 

I f  random walk FM is  a predomi- 

Flicker FM i s  common i n  high- 

by white Ff1 ( l / f  9 ) or f l i c k e r  @I1 ( l / f )  i n  

These contain a s lave o s c i l l a t o r ,  

Flicker @til ( l / f )  noise may r e l a t e  t o  a 
physical resonance mechanism in a n  o sc i l -  
l a t o r ,  b u t  i t  usually i s  added by noisy 
e lec t ronics .  
even in the highest qua l i ty  o s c i l l a t o r s ,  

This type of noise i s  common, 

10 
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because i n  order: tb b r i n g  the signal ampli- 
tude u p  t o  a usable l eve l ,  amplif iers  a r e  
used a f t e r  the signal source. Flicker $bl 
noise may be introduced i n  these stages.  
I t  may-also be introduced i n  a frequency 
mul t ip l ie r .  Flicker $M can be reduced w i t h  
good low-noise amplif ier  design (e.g., 
using r f  negative feedback) and hand-selec- 
t i n g  t r ans i s to r s  and other  e lec t ronic  com- 
ponen t s  . 
and has l i t t l e  t o  do w i t h  the  resonance 
mechanism. 
s imi la r  phenomena as f l i c k e r  $ t l  ( l / f )  noise. 
Stages of-amplif icat ion a re  usually respon- 
s i b l e  f o r  white $M noise. 
be k e p t  a t  a very low value w i t h  good ampli- 
f i e r  design, hand-selected components , the 
a d d i t i o n  o f  narrowband f i l t e r i n g  a t  the 
output,  or increasing,  i f  feas ib le ,  the 
power of the o s c i l l a t o r .  

A measured curve of S 4 ( f )  can be  t ranslated 

5. White I$M ( f  0 ) noise i s  broadband phase noise 

I t  is probably produced by 

This noise can 

in to  u ( T ) .  The following i s  a brief introduc- 
t i o n  d d  a id  t o  these very useful and important 
trans1 at ions . 

First, consider Sy( f ) ,  the  spectral  densi ty  
of frequency f luc tua t ions .  There a re  two q u a n t i -  
t i e s  which completely specify Sy( f )  fo r  a par t i -  
cu la r  power-law noise process: ( 1 )  the s.lope on 
a log-log plot  fo r  a given range of f and ( 2 )  the 
amplitude. The slope we sha l l  denote by ''all; 
therefore ,  fa i s  the s t r a i g h t  l i n e  (on log-log 
sca le )  which r e l a t e s  S ( f )  t o  f. 
will  be denoted "h "; Yt i s  simply the coeff i -  
c ien t  of f f o r  a r%ge of f .  
a p lo t  of spectral  density of frequency f luctua-  
t i ons ,  we a re  looking a t  a representation of the 
a d d i t i o n  of a l l  the power-law processes. Know- 
ing how t o  measure S + ( f )  f o r  a pa i r  of o sc i l l a -  
t o r s ,  l e t  us see how t o  t r ans l a t e  the power-law 
noise process t o  a p lo t  of o y z ( ~ ) :  

law noise processes were outlined w i t h  respect 
t o  S + ( f ) .  

The amplitude 

When we examine 

In the beginning of t h i s  sec t ion ,  f ive  power 

One obtains from Eq.  2 

1. Random Walk FI? (f-2) . . . a = -2 
2. F l i c k e r  FII ( f - l )  . . . a -1 
3. Wni t e  FM ( 1 )  . . .  C '  0 
4.  Flicker $4 ( f )  . . .  a =  1 

. . .  a =  2 

2 slope 

5. White $4 

w i t h  resoect  t o  S y ( f )  

Table 2 i s  a s l i s t  of coef f ic ien ts  fo r  t rans-  

The ye f t  columx i s  the  designator for  
l a t ion  from IJ Z(T) t o  S ( f )  and from S g ( f )  t o  
u 2 ( ~ ) .  
txe power-law process. Using the middle column, 
we can solve f o r  the value of S ( f )  by computing 
the coeff ic ien5 ''all and using txe measured time 
domain data uy ( T ) .  The rightmost column y ie lds  



a solution for  F ~ ~ ( T )  given frequency domain 
data S ( f )  and a calculation of the appropriate 
"b" cogfficient. 

In order t o  execute such a translation w i t h  
a real measured osci l la tor  performance, the 
data points i n  an S$( f )  (or S ( f ) )  o r  a u (T) plot 
must f i r s t  be connected by on4 o r  more straight 
lines. 
plot of a real ,  measured osci l la tor  and itl 
translation into a Sy(f) plot ( F i g .  10). 

This is  i l lustrated i n  F i g .  9, a u (1) 

I I I I I 
1 IO 102 10' 10' 1 0 )  

SAMPLE T l M E .  T ( 1 1  

Figure 9 

8. SUfltlARY OF TIHE AND FRE9UENCY 
DISSEli I i lATICfi  TECHMIQUES' ,o*y*lo 

An excellent survey o f  the area of time 
dissemination can be found i n  Ref. (8 ) .  
summary table from this survey i s  reproduced 
here for the benefit of the reader (Table 3). 

'Since the date of th i s  survey, 1973, two 
noteworthy developments have begun which will 
significantly affect  future time-dissemination 
procedures. 

a. 

A 

Smaller, less expensive atomic clocks w i t h  
less power demand have become comnercially 
available, 
comnercial ly produced portable clock sys- 
tems w i t h  10 to 20 hours of battery opera- 
t i o n  i n  packages which should allow their 
use via a i r l ine  carry-on luggage by a 
single traveler. F i r s t  experimental 
attempts i n  th is  direction already have 
demonstrated this .  
t h u s  reduce substantially, and the number 
of users and frequency of comparisons will 
increase significantly (including service 
o f  relatively remote locations). 

I t  appears that future worldwide time ser- 
vices as well as the most precise time 
comparison techniques will rely largely 
on sa te l l i t es .  A survey of relevant tech- 
niques and developments i s  g iven  i n  Ref. (9). 
Tables 4 and 5, reproduced from this  refer- 
ence, may help the reader t o  appreciate 
these developments and their  technical 
potential. 

T h i s  is expected t o  lead t o  

The costs per tr ip will 

b. 
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